The function of the nervous system depends on the exocytotic release of neurotransmitter from synaptic vesicles (SVs). To sustain neurotransmission, SV membranes need to be retrieved, and SVs have to be reformed locally within presynaptic nerve terminals. In spite of more than 40 years of research, the mechanisms underlying presynaptic membrane retrieval and SV recycling remain controversial. Here, we review the current state of knowledge in the field, focusing on the molecular mechanism involved in presynaptic membrane retrieval and SV reformation. We discuss the challenges associated with studying these pathways and present perspectives for future research.
Introduction
Communication within the nervous system relies on the release of neurotransmitter by the calcium-triggered fusion of synaptic vesicles (SVs) with the presynaptic plasma membrane at the nerve terminal. The number of vesicles available for fusion and their propensity to undergo exocytosis define the efficacy of neurotransmitter release and fine-tune neuronal function. Given the distance of the presynaptic terminal from the neuronal cell body the replacement of fused SVs by de novo synthesis and axonal transport would be far too slow (on the timescale of hours to days) to sustain neuronal activity. In addition, the continuous fusion of SVs with the plasma membrane in the absence of compensatory membrane retrieval would cause a detrimental increase in the area of the presynaptic plasma membrane, loss of membrane tension, and the misalignment with postsynaptic structures. Hence, neurons have evolved mechanisms to maintain presynaptic membrane homeostasis by recycling SV membranes locally within their nerve terminals. This specific property of SVs to undergo a local trafficking cycle has drawn the attention of neuroscientists for more than 40 years, but in spite of its importance for synaptic transmission, the precise mechanisms by which exocytosed SV membranes are recycled and SVs are reformed remain enigmatic.
Early Studies on SV Recycling
Pioneering work in the 1950s and 1960s established the quantal nature of neurotransmitter release (del Castillo and Katz, 1954; Katz and Miledi, 1967) and its relationship to the presence of small SVs, hypothesized to be the physical correlate of neurotransmitter quanta ( Figure 1A ) (De Robertis, 1959; De Robertis and Bennett, 1955) . Stunning morphological observations by Heuser and Reese (1973) and Heuser et al. (1979) provided direct experimental support for this idea. By relating the amplitude and the quantal content of the endplate potential to the number of vesicular openings measured by rapid ''freeze-slam'' electron microscopy (EM) they concluded that a single SV indeed contains a quantum of neurotransmitter (Heuser and Reese, 1973; Heuser et al., 1979; Miller and Heuser, 1984 ), a postulate corroborating biochemical studies that had identified SVs as store for nonpeptide neurotransmitters (Whittaker, 1969) . Evidence for SV recycling and their endocytic origin was gathered by morphological studies based on the uptake of extracellular ''tracers'' such as horseradish peroxidase (HRP) into the SV lumen ( Figure 1B ) (Holtzman et al., 1971) and by electron microscopic analyses of stimulated nerve-muscle preparations (Heuser and Reese, 1973; Heuser et al., 1979; Miller and Heuser, 1984) ( Figures  1C-1E ). Heuser and Reese (1973) used sustained electrical stimulation of frog neuromuscular junctions, which resulted in the depletion of SVs and the appearance of cisternal structures labeled with HRP ( Figures 1C and 1D ) as well as HRP-positive clathrin-coated vesicles and coated endocytic intermediates in a region located away from the active zone (AZ) ( Figure 1E ). These transient structures were apparently converted into functional SVs if synapses were allowed to rest, suggesting that SV recycling largely occurs by clathrin-mediated endocytosis (CME), possibly involving endosome-like vacuolar intermediates (Heuser and Reese, 1973; Miller and Heuser, 1984) .
Using the same preparation and technique, but a different stimulation paradigm, Ceccarelli et al. (1972 Ceccarelli et al. ( , 1973 observed membrane intermediates devoid of clathrin coats directly at the AZ ( Figure 1D ). As the intermediates corresponded in size to single SVs, these observations gave rise to the notion that SVs could fuse and recycle via a transient fusion pore, while preserving their identity via a mechanism later on referred to by Meldolesi and colleagues as ''kiss and run'' (Fesce et al., 1994) .
Monitoring SV Recycling-Tools, Models, and Discrepancies Since these orginal observations by Heuser and Reese (1973) and Ceccarelli et al. (1972) , we have witnessed a revolution in the techniques used to monitor exo-endocytosis as well as in the molecular analysis of the components involved in SV recycling (Dittman and Ryan, 2009; Jahn and Fasshauer, 2012; Rizzoli, 2014; Saheki and De Camilli, 2012) . Optical probes for the real-time visualization of membrane recycling at synapses have been developed (Kavalali and Jorgensen, 2014), which have allowed unprecedented insights into the mechanisms of membrane retrieval and SV reformation. These include exogenously applied fluorescent probes such as the styryl dye FM1-43 and its relatives, which fluoresce upon partitioning into membranes (Betz et al., 1992) , the internalization of fluorescent antibodies directed against lumenal epitopes of SV proteins (Matteoli et al., 1992) , the use of pH-sensitive GFP (pHluorin) fused to the lumenal domain of a SV protein (Miesenbö ck et al., 1998) , and finally, channelrhodopsin-mediated optogenetic stimulation paired with fast-freezing EM (Watanabe et al., 2013a (Watanabe et al., , 2013b (Table 1 ). In spite of this impressive arsenal of weapons, the precise mechanisms by which SV membranes are retrieved and SVs are reformed have remained partially elusive. For instance, monitoring exo-endocytosis of SVs loaded with FM1-43 has revealed a partial retention of fluorescence upon action potential (AP)-triggered exocytosis in at least a fraction of events. As kiss-and-run is thought to involve only transient membrane fusion, such partial FM dye retention within the lumen of SVs suggests that some SVs may recycle via a kiss-and-run mechanism (Aravanis et al., 2003) and thereby preserve their identity during exo-endocytic cycling (Murthy and Stevens, (B) SV recycling at the lobster neuromuscular junction, by exposing the synapse to HRP during stimulation for three periods of 10 min each, with 16,000 stimuli in total. HRP is present within many small vesicles in an axon ending, indicated by arrows. Scale bar represents 0.5 mm. Reproduced with permission from Holtzman et al. (1971) . (C) An example of HRP retained within bulk structures (cisternae, C) at the frog neuromuscular junction stimulated constantly for 15 min and fixed immediately after. Reproduced with permission from Heuser and Reese (1973) . (D) Original drawings by Heuser and Reese (1973) , illustrating a progressive depletion of synaptic vesicles (open circles) and appearance ofcisternae (filled in black) in frog nerve terminal stimulated at 10 Hz for 1 and 15 min. The numbers indicate the area per section of synaptic vesicle membrane + cisternal membrane + surface membrane = total membrane. Reproduced with permission from Heuser and Reese (1973) . (E) Clathrin-coated pits and clathrin-coated vesicles observed in the vicinity of the plasma membrane at a frog nerve terminal stimulated at 10 Hz for 1 min. Reproduced with permission from Heuser and Reese (1973) . (F) Uncoated U-shaped intermediates at the active zone of frog nerve terminals stimulated at 2 Hz for 2 hr. Reproduced with permission from Ceccarelli et al. (1972) .
1998).
In contrast, analysis of SV recycling by fluorescent antibodies directed against the lumenal domain of synaptotagmin 1 (Syt1) or by pHluorin reporters have challenged these findings and instead suggest that following fusion SV proteins intermix with plasma membrane components (Ferná ndez-Alfonso et al., 2006; Wienisch and Klingauf, 2006) , where they may form a reservoir of readily retrievable SV proteins internalized during subsequent exo-endocytic cycles. Such a readily retrievable SV pool (Hua et al., 2011a) may correspond to clusters of surface-stranded SV proteins visualized by super-resolution microscopy (Hoopmann et al., 2010; Willig et al., 2006) .
Discrepancies also exist regarding the time course of SV endocytosis. The earliest estimates of the kinetics of SV endocytosis, originating from ultrastructural analysis of HRP uptake, revealed a slow time course of SV endocytosis on the order of tens of seconds (Heuser and Reese, 1973) . In contrast, capacitance measurements in retinal bipolar cells (von Gersdorff and Matthews, 1994) and quantum dot imaging of single SVs in hippocampal neurons in culture (Zhang et al., 2009) indicated that the newly exocytosed membrane is recovered within 0.5-2 s. Pulse-chase experiments using FM dyes and measurements of SV protein internalization and reacidification by pHluorins revealed time constants of 10-40 s (Armbruster and Ryan, 2011; Granseth et al., 2006; Ryan et al., 1993; Ryan and Smith, 1995; Wu and Betz, 1996) . Finally, recent data in Caenorhabditis elegans and mammalian hippocampal neurons in culture using single optogenetic stimuli paired with fast high-pressure freezing EM suggest an ultrafast pathway of endocytosis with a time constant of 20-50 ms (Watanabe et al., 2013a (Watanabe et al., , 2013b . What are possible reasons for these differences? An important point to consider is the fact that many of the approaches described above monitor distinct parameters that often serve as surrogate measures of SV recycling (see Table 1 ). Capacitance recordings are a fast and precise means to monitor exoendocytic membrane turnover (Lindau and Neher, 1988; Neher and Marty, 1982) , but are blind to the nature of the internalized membrane and its properties (i.e., whether or not SVs are reformed). Moreover, capacitance measurements are limited to the study of large synapses, which arguably may differ from small central synapses in the mammalian brain. Similar concerns with respect to the nature of the cycling membrane hold true for the use of FM dyes as reporters for presynaptic membrane turnover. However, when combined with photoconversion and EM (or super-resolution microscopy in case of the newly developed membrane-binding fluorophore mCLING) (Revelo et al., 2014) these probes allow the visualization and tracing of the internalized membrane on a timescale of seconds. PHluorins enable the monitoring of the activity-induced recycling of a specific SV protein, but only do so indirectly as their fluorescence reports on the pH environment, not on exo-or endocytosis per se. Hence, kinetic analyses of pHluorin measurements to assay SV endocytosis may have to be interpreted with caution as fast modes of endocytosis could well be missed if they operate on a timescale faster than the time course of acidification (1-4 s) (Atluri and Ryan, 2006; Budzinski et al., 2011) .
Another potential source of the observed variability in membrane retrieval kinetics is the stimulus intensity used to trigger SV exocytosis. Data from the calyx of Held suggest that rapid endocytosis is activated by calcium influx and is the dominant mechanism of SV recycling during intense nerve activity (Wu et al., 2005) . Fast endocytosis during excessive stimulation has also been observed in other model systems (de Lange et al., 2003; Klingauf et al., 1998; Richards et al., 2000) . On the other hand, studies in cultured hippocampal neurons have suggested that the time course of endocytosis slows down in parallel with the stimulation intensity and the amount of exocytosis (Armbruster et al., 2013; Ferná ndez-Alfonso and Ryan, 2004) . One possibility to explain these findings is that several mechanisms for endocytic membrane retrieval with different kinetics operate within the same nerve terminal and their use may depend on calcium levels, stimulation frequency, exocytotic load, and/or even temperature (Watanabe et al., 2014) . Evidence for the coexistence of several SV recycling pathways within a single synaptic terminal has been gathered from electrophysiological measurements at retinal bipolar neuron synapses (Neves and Lagnado, 1999; von Gersdorff and Matthews, 1994) . These studies have reported on the coexistence of two kinetically distinguishable mechanisms of endocytosis that are regulated by different calcium levels (Neves et al., 2001 ) and involve distinct sets of components (Jockusch et al., 2005) . The presence of fast and slow recycling pathways within a single synaptic terminal has also been inferred from electron microscopic observations of ribbon synapses from temperature-sensitive dynamin shibire mutants in Drosophila (Koenig and Ikeda, 1996) and from pHluorin-measurments of single-vesicle fusion and endocytosis events in cultured neurons (Gandhi and Stevens, 2003; Zhu et al., 2009) (but see Balaji and Ryan, 2007 for a different view). Thus, SV recycling likely involves more than one pathway.
SV Recycling Involves Membrane Retrieval and SV Reformation
If, indeed, several pathways of SV recycling at the synapse exist, what are the mechanisms underlying them and what are the components involved? As synapses differ greatly with respect to their firing pattern and the size of the SV reserve pool, it is conceivable that synapse-specific adaptations exist that may be tailored to their needs with respect to the retrieval of newly exocytosed membrane and the reformation of functional SVs to replenish their releasable vesicle pool. For example, high-frequency firing synapses such as the calyx of Held (firing at hundreds of Hz and capitalizing on a large reserve pool of SVs) may depend on efficient modes to retrieve newly exocytosed SV membrane from the active zone (AZ) area to clear release sites and make them available for the next round of fusion Neher, 2010) , while the reserve pool of SVs may be refilled at a much slower rate. Recent data indicate that such release site clearance depends on components of the endocytic machinery such as intersectin 1 (Hosoi et al., 2009; Sakaba et al., 2013) . On the other hand, all synapses need to replenish their SV pool by regenerating new SVs of proper size and shape, a complex process that requires high-fidelity sorting of SV protein components that is unlikely to be accomplished on a timescale of milliseconds.
Thus, SV recycling involves both (1) retrieval of SV components from the plasma membrane, and (2) the regeneration of functional SVs of proper composition (Takamori et al., 2006) .
Retrieval of SV Membranes
At least four different pathways for the retrieval of SV membranes have been put forward: (1) ''kiss-and-run'' endocytosis, (2) ultrafast endocytosis, (3) CME, and (4) bulk endocytosis, which differ with respect to speed, maintenance of SV identity, and likely molecular components, although our knowledge about the latter remains limited for some of these routes.
Kiss and Run
Several studies have reported a fast form of membrane retrieval at the synapse (Klingauf et al., 1998; Murthy and Stevens, 1998; Pyle et al., 2000; Stevens and Williams, 2000) , which has been assigned to a kiss-and-run mechanism first suggested by Ceccarelli et al. (1972 Ceccarelli et al. ( , 1973 based on electron micrographs of uncoated vesicular openings. Kiss-and-run exo-endocytosis is thought to occur directly at the AZ and involves the transient opening and rapid closure of a fusion pore without collapse of the vesicle, which therefore maintains its molecular identity bypassing the need for endocytic sorting of SV proteins or passage through endosomal intermediates (Alabi and Tsien, 2013) (Figure 2A ). Experimental data supporting kiss-and-run include the rapid time course of membrane retrieval in capacitance measurements (He et al., 2006; Xu et al., 2008) , high-speed imaging of quantum dots as reporters for single SV collapse and reuptake (Zhang et al., 2009 ), or the lack of effect of molecular perturbations that affect CME (Jockusch et al., 2005; Neef et al., 2014) .
While the existence of kiss-and-run in neurons remains hotly debated, compelling evidence in favor of such a pathway has been obtained in endocrine cells (Albillos et al., 1997; Alé s et al., 1999) , where secretory granules undergo transient, apparently reversible fusion pore openings and closures (Chiang et al., 2014; Wu et al., 2014a) .
A key unresolved question with respect to kiss-and-run exoendocytosis is how full collapse of the fusing vesicle membrane is prevented. In chromaffin cells, such a role may be executed by the GTPase dynamin (Holroyd et al., 2002) , which facilitates fission of endocytic structure in both CME as well as in clathrin-independent routes of endocytosis. Consistent with a role for dynamin, infusion of GTPgS or dynamin inhibitors, treatments that inactivate dynamin among other targets, inhibit fast capacitive membrane retrieval at the calyx of Held (Xu et al., 2008) and in rod photoreceptors of salamander retina (Van Hook and Thoreson, 2012) . CME CME, defined as the uptake of material into the cell from the membrane surface by clathrin-coated vesicles, arguably represents the best characterized pathway for the endocytic entry of proteins and lipids into eukaryotic cells (McMahon and Boucrot, 2011) . A plethora of morphological, biochemical, ultrastructural, and genetic studies indicate a key role for CME in SV recycling. As discussed above, sustained or repetetive stimulation of synapses is seen to correlate with a transient rise in the number of clathrin-coated endocytic intermediates. SV proteins are the major cargo of clathrin-coated vesicles (CCVs) isolated from nerve terminals (Blondeau et al., 2004; Maycox et al., 1992) , suggesting that SV proteins at least during some stage of their life cycle pass through CME ( Figure 2B ). Furthermore, genetic or acute biochemical perturbation of CME-associated factors such as dynamins, endophilins, amphiphysin, synaptojanin, or auxilin perturbs SV recycling measured by pHluorins or FM dyes and causes the accumulation of various intermediates of CME (Dickman et al., 2005; Ferguson et al., 2007; Gad et al., 2000; Kasprowicz et al., 2014; Milosevic et al., 2011; Shupliakov et al., 1997; Yim et al., 2010) . However, as mutation and/or genetic deletion of such proteins failed to result in a complete block of SV membrane retrieval, it is conceivable if not likely (as further discussed below) that SV recycling does not exclusively occur by CME. Furthermore, some CME components such as dynamin or endophilin are possibly shared with clathrin-independent pathways of endocytosis (Fuchs et al., 2014; Jockusch et al., 2005; Llobet et al., 2011; Sandvig et al., 2011; Boucrot et al., 2015) .
Clathrin-coated intermediates have been observed both on the presynaptic membranes, often lateral to AZs (Gad et al., 2000) , and on endocytic cisternae (Ferguson et al., 2007; Heuser and Reese, 1973; Takei et al., 1996) , some of which may be connected with the plasma membrane (Ferguson et al., 2007; Heuser and Reese, 1973; Takei et al., 1996) . Clathrin coats are formed by the assembly of clathrin triskelia comprising three 190 kDa clathrin heavy chains and 25 kDa clathrin light chains into a polyhedral lattice (Brodsky et al., 2001) . The assembly of the clathrin coat is initiated by early acting endocytic adaptors such as the assembly protein (AP) complex 2 (AP-2), a heterotetramer of two large (a, b2) and two small subunits (m2, s2), the Bin-amphiphysin-rvs (BAR) domain protein FCHo, epsins, and intersectin among other factors. These serve to link clathrin to the underlying membrane via their association with phosphoinositides, in particular with phosphatidylinositol 4,5-bisphosphate [PI(4,5)P 2 ] and to coordinate the structural assembly of the coat with the selection of transmembrane cargo proteins (i.e., SV proteins) (Owen et al., 2004) (Voglmaier et al., 2006) . In addition to AP-2, neurons express a variety of other CME-associated adaptors for SV cargo. These include stonin 2, the mammalian ortholog of Drosophila stoned B and C. elegans unc41, which binds to and sorts the SV calcium sensor synaptotagmin 1 (Diril et al., 2006; Fergestad and Broadie, 2001; Kononenko et al., 2013; Maritzen et al., 2010; Mullen et al., 2012) , AP180 and its ubiquitous paralog CALM (clathrin assembly lymphoid myeloid protein), specific sorting adaptors for synaptobrevin/VAMP 2 (Koo et al., 2011; Zhang et al., 1998) , an essential component of neuronal soluble NSF attachment protein receptor (SNARE) complexes that mediate SV exocytosis. Genetic inactivation of stonins in mice, worms, or fruit flies results in missorting of synaptotagmin 1 to the neuronal surface and/or its targeting for degradation, suggesting that SV proteins indeed have to pass through CME for correct sorting to SVs (Diril et al., 2006; Fergestad and Broadie, 2001; Kononenko et al., 2013; Maritzen et al., 2010; Mullen et al., 2012) . Surprisingly, while the fidelity of synaptotagmin 1 sorting is compromised in stonin 2 knockout (KO) mice, synaptotagmin 1-pHluorin retrieval kinetics are accelerated . Thus, at least in the case of synaptotagmin endocytic membrane retrieval and sorting to SVs appear to be partially independent processes.
Early shallow CCPs undergo maturation during which they progressively invaginate in a poorly understood process that likely involves BAR domain proteins such as SNX9/18, amphiphysin, and endophilin and possibly others (Daumke et al., 2014; Frost et al., 2009) . BAR domain proteins often also harbor SH3 domains that bind to and recruit the mechanochemical GTPase dynamin, which catalyzes membrane scission of late stage U-shaped CCPs. Data from nonneuronal cells (Meinecke et al., 2013) , mouse neurons (Di Paolo et al., 2002; Milosevic et al., 2011) , and neurons in C. elegans (Bai et al., 2010) suggest that endophilin, amphiphysin, and SNX9/18 serve partially overlapping roles in the recruitment of dynamin to CCPs. Oligomeric assembly of dynamin into helical rings around the narrow neck of U-shaped CCPs facilitates GTP hydrolysis and membrane scission. The actual mechanism by which dynamin drives this reaction is debated and may involve membrane constriction, as well as insertion of dynamin's pleckstrin homology domain into the underlying membrane, resulting in the generation of free clathrin-coated vesicles. Mammals express three dynamin isoforms (Daumke et al., 2014; Ferguson and De Camilli, 2012; McMahon and Boucrot, 2011) of which dynamin 1 and 3 are expressed highest in brain, while dynamin 2 is found ubiquitously. Ablation of dynamin 1, the major brain isoform, results in the presynaptic accumulation of branched, tubular plasma membrane invaginations capped by CCPs and in severely impaired SV endocytosis during high-frequency stimulation (Ferguson et al., 2007) , a phenotype further aggravated in dynamin 1/3 double knockout (KO) mice . However, it appears that even the extremely low levels of dynamin 2 are sufficient to support basic neuronal function , low-level synaptic transmission and SV reformation in the absence of dynamins 1 and 3 (Wu et al., 2014c) .
Concomitant with or shortly after fission, the released endocytic vesicles shed their coat by the coordinated action of the PI(4,5)P 2 -phosphatase synaptojanin 1 (Mani et al., 2007) and the clathrin disassembling chaperone Hsc70 and its J-domain cofactor auxilin (Ungewickell et al., 1995) . Recruitment of synaptojanin 1 to endocytic intermediates requires endophilin (Gad et al., 2000; Milosevic et al., 2011; Verstreken et al., 2002) , which directly binds to the proline-rich domain of synaptojanin 1 and activates its enzymatic activity in a curvature-dependent manner (Chang-Ileto et al., 2011) . Inactivation of the synaptojanin 1 gene in mice leads to increased PI(4,5)P 2 levels, accumulation of CCVs, and to severe neurological abnormalities such as ataxia (Cremona et al., 1999) . Strikingly similar phenotypes are seen in KO mice lacking auxilin (Yim et al., 2010) , or endophilin A1-3 (Milosevic et al., 2011) , in line with the close functional interaction between these proteins.
Live-imaging experiments in nonneuronal cells expressing GFP-tagged clathrin coat components revealed that the entire process of CME (coating, fission, and uncoating) operates on a timescale of 20-60 s (McMahon and Boucrot, 2011) . While it is conceivable that CME is faster in neurons due to the high local concentration of CME components at synapses, it seems unlikely that CME is able to retrieve SV membranes on a timescale of tens of milliseconds as observed in some systems (Sun et al., 2002; Watanabe et al., 2013a Watanabe et al., , 2013b .
While the above data support a key role for clathrin and CME in SV recycling, recent genetic data in a variety of models argue that clathrin may be largely dispensable for SV membrane retrieval. While acute inactivation of clathrin by fluorophore-assisted light inactivation (FALI) in Drosophila melanogaster caused dramatic defects in neurotransmission and resulted in the accumulation of large internal vacuoles, endocytic membrane uptake following evoked SV exocytosis proceeded unperturbed (Heerssen et al., 2008; Kasprowicz et al., 2008) . Likewise, RNAi-mediated ablation of clathrin expression in C. elegans had surprisingly mild effects on neurotransmission and resulted in SVs that were reduced in size but normal in number (Sato et al., 2009) , while CME of other cargo was inhibited. In primary hippocampal neurons, depletion of clathrin by lentiviral RNAi led to moderately reduced rates of pHluorin retrieval in response to sustained low-frequency stimulation, but had no effect on membrane retrieval induced by higher frequency stimuli (i.e., 20 or 40 Hz). Similar results were obtained in neurons lacking AP-2(m), an essential factor in CME and major recruiter of clathrin, due to conditional genetic inactivation (Kononenko et al., 2014) , consistent with earlier data using RNAi (Kim and Ryan, 2009 ). These data indicate that clathrin/AP-2, and therefore CME, may be partly dispensable for SV membrane retrieval and further suggest that synapses in addition to CME capitalize on clathrin-independent mechanisms of membrane retrieval such as ultrafast or bulk endocytosis.
Ultrafast Endocytosis
Elegant recent experiments in C. elegans and mouse hippocampal neurons capitalizing on single optogenetic stimuli paired with rapid high pressure fast-freezing EM have suggested the existence of an ultrafast form of endocytosis ( Figure 2C ) (Watanabe et al., 2013a (Watanabe et al., , 2013b . During ultrafast endocytosis, docked SVs apparently fully collapse into the plasma membrane and are then retrieved via endocytic invaginations of 80 nm diameter that appear within 50 to 100 ms at sites flanking the AZ. As the surface area of these endocytic invaginations, observed at sites distinct from those of fusion, was equivalent to roughly four SVs this pathway does not correspond to kiss-and-run endocytosis. Moreover, its rapid timescale and the lack of apparent clathrin coat structures at the EM level distinguish it from CME. Consistent with these morphological observations recent data show that ultrafast membrane internalization proceeds unaffected in the near absence of clathrin (Watanabe et al., 2014) . Hence, ultrafast endocytosis may be a specialized mechanism for neurons to rapidly restore the surface area of the presynaptic membrane.
Ultrafast endocytosis can explain previous reports of rapid endocytic membrane retrieval in hippocampal neurons (Klingauf et al., 1998; Murthy and Stevens, 1998; Pyle et al., 2000; Stevens and Williams, 2000) and in several other model systems. For example, endocytic invaginations similar to those reported by Watanabe et al. (2013a Watanabe et al. ( , 2013b have been observed at frog neuromuscular junctions (Miller and Heuser, 1984) and capacitance measurements have revealed rapid SV membrane retrieval in goldfish retinal bipolar cells (Neves et al., 2001; von Gersdorff and Matthews, 1994) and at the calyx of Held (Sun et al., 2002) .
The molecular mechanisms underlying ultrafast endocytosis at this point remain largely unexplored. Pharmacological perturbations using inhibitors of actin polymerization and of dynamin GTPase activity suggest a role for both actin and dynamin in the formation and resolution of ultrafast endocytic intermediates (Watanabe et al., 2013b) , although other, more specific approaches are required to confirm this. One of the most puzzling aspects of this pathway is the extremely fast kinetics of membrane fission. In vitro studies on dynamin have shown that membrane fission requires seconds or even tens of seconds to complete, depending on membrane elastic properties and the concentration of GTP (Morlot et al., 2012) . While these time scales are grossly consistent with the kinetics of CME in nonneuronal cells (McMahon and Boucrot, 2011) , they are much slower than the time course of ultrafast endocytosis (Watanabe et al., 2013b) . It thus seems likely that ultrafast membrane retrieval besides dynamin may require additional factors, most notably actin (Watanabe et al., 2013b) , BAR domain proteins such as endophilin (Kononenko et al., 2014; Llobet et al., 2011) , or membrane lipids. Furthermore, it appears that ultrafast membrane retrieval at the lateral edges of the AZ is coupled to changes in membrane tension induced by vesicle fusion. How such relaxation of membrane tension then couples to the endocytic machinery remains one of the challenges for future studies.
Bulk Endocytosis
Finally, SV membranes can also be retrieved by bulk endocytosis involving large infoldings of the plasma membrane distal to the AZ in response to very strong stimulation, i.e., chemical stimulation or exocytotic bursts of hundreds of APs ( Figure 2D ) (Cheung and Cousin, 2013; Clayton and Cousin, 2009; Koenig and Ikeda, 1996; Richards et al., 2000) . Bulk endocytosis leads to the generation of large endocytic vacuoles (Holt et al., 2003; Miller and Heuser, 1984; Paillart et al., 2003) that are subsequently converted into SVs via mechanisms, which remain elusive (see SV regeneration). How bulk endocytosis and the generation of endosome-like vacuoles are related to ultrafast endocytosis is unclear.
Elegant electron microscopic studies of stimulated synaptosomes have shown that budding events on internalized endosome-like vacuoles might involve clathrin (Takei et al., 1996) . This could imply a role of CME in resolving bulk endosomes into SVs. Indeed, several lines of evidence suggest a role for CME in SV regeneration from bulk endosomes (Heerssen et al., 2008; Kasprowicz et al., 2014; Kononenko et al., 2014; Watanabe et al., 2014) , although this may not be the only pathway (Wu et al., 2014b ) (further discussed below).
Several other aspects of bulk endocytosis, such as the role of dynamin, remain also under debate. Mutation of the two key phosphorylation sites on dynamin 1 was reported to block bulk endocytosis (Clayton and Cousin, 2009 ), while in another study, bulk endocytosis proceeded in nerve terminals from dynamin 1/3 double knockout mice (Wu et al., 2014c) , possibly due to the presence of low levels of dynamin 2. Moreover, acute inactivation of dynamin in Drosophila (Kasprowicz et al., 2014) led to the formation of large cisternae that remained connected with the plasma membrane, suggesting that dynamin activity is required for fission but not formation of bulk endosomes. A role for dynamin in bulk endocytosis is also supported by genetic studies where inactivation of the dynamin-associated BAR domain protein syndapin leads to defects in bulk endocytosis due to impaired dynamin recruitment resulting in excitatory/ inhibitory imbalance (Koch et al., 2011) . Additional studies are required to elucidate the precise mechanism of bulk endocytosis and its relationship to ultrafast endocytosis described above.
SV Reformation
Important features of SVs are their morphological uniformity and precise protein composition, which are efficiently maintained over repetitive rounds of exo-/endocytosis to maintain their fusion competence. A single SV contains 600 transmembrane domains, roughly representing a quarter of the vesicle surface (Takamori et al., 2006) . Hence, sorting of SV proteins, many of which (e.g., the vATPase) are present in just a few copies (Takamori et al., 2006) , is a major task for the presynaptic endocytic machinery (Wilhelm et al., 2014) . Moreover, if SVs lose their identity over multiple rounds of exo-endocytosis, as current data suggest (Ferná ndez-Alfonso et al., 2006; Wienisch and Klingauf, 2006) , specific mechanisms must exist to orchestrate the fidelity of SV protein sorting and to ensure SV uniformity. Although the precise pathway(s) responsible for SV re-generation remain(s) to be discovered, there is a general consensus that clathrin and CME-associated adaptors play a central role in this (Heerssen et al., 2008; Heuser and Reese, 1973; Maycox et al., 1992; Shupliakov et al., 1997; Verstreken et al., 2002) , in addition to clathrin and AP-2, which may sort VGLUT1 via recognition of its [DE]XXXL[LI] motif (Voglmaier et al., 2006 ) (see CME).
Several studies have indicated that disruption of clathrin or CME-associated adaptors leads to defects in sorting SV cargoes and to alterations in SV size Koo et al., 2011; Petralia et al., 2013; Zhang et al., 1998) . Furthermore, CCVs isolated from nerve terminals are highly enriched in SV proteins (Blondeau et al., 2004; Maycox et al., 1992) . Recent data showed that depletion of clathrin by lentiviral short hairpin RNA (shRNA) in primary neurons (Watanabe et al., 2014) or KO of AP-2(m) in neurons or in cortical neurons in vivo (Kononenko et al., 2014) resulted in the accumulation of postfission endosome-like vacuoles and a corresponding depletion of properly shaped SV, while in contrast, SV membrane retrieval was largely unaffected (see CME) (Kononenko et al., 2014) . These data are most consistent with a model whereby SVs are reformed primarily via clathrin/AP-2-mediated vesicle budding either directly from the plasma membrane or via endosome-like vacuolar intermediates generated by clathrin-independent membrane retrieval (i.e., ultrafast or bulk endocytosis). In line with this model, studies of synaptosomal preparations have shown that the generation of clathrin coats on endosome-like vacuoles might occur via mechanisms and components similar to those mediating CME-budding from the plasma membrane (Takei et al., 1996) . As PI(4,5)P 2 plays an obligatory role of in the assembly of clathrin/AP-2 coats (Di Paolo and De Camilli, 2006) , it is likely that endosome-like vacuoles derived from the plasma membrane preserve their plasma membrane identity to allow for clathrin/AP-2 to assemble (McMahon and Boucrot, 2011) .
However, in spite of the prominent phenotypes resulting from interference with clathrin function, recent data using chemical stimulation indicate that synapses, in addition to CME, are equipped with other clathrin-independent pathways of SV reformation that may operate preferentially under conditions of high sustained activity (Wu et al., 2014c) . Evidence from neuroendocrine cells (Blumstein et al., 2001) , cultured neurons (Cheung and Cousin, 2012) , and genetic studies in mice (Nakatsu et al., 2004) suggests that one such compensatory pathway for SV reformation involves SV budding from endosomes via assembly protein 3 (AP-3) coats. AP-3 is an d, b3A/B, m3A/B, s3 heterotetramer similar to AP-2, that may function independently of clathrin and associates with the late endosomal BLOC-1 complex (Nakatsu et al., 2004; NewellLitwa et al., 2010) and is found in all cells, although its b3B and m3B isoforms are exclusively expressed in neurons (Nakatsu et al., 2004; Newell-Litwa et al., 2010) . Mutations in AP3d in Drosophila garnet mutants (Ooi et al., 1997) and in mocha mice cause pigmentation defects due to impaired biogenesis of lysosome-related pigment granules (Kantheti et al., 1998) , in line with the notion that AP-3 sorts transmembrane cargo to lysosomes. AP-3 has also been implicated in SV recycling (Cheung and Cousin, 2012; Voglmaier et al., 2006) and the neuronal form of AP3 is able to produce SVs from endosomes in vitro (Blumstein et al., 2001) . Mocha mice display subtle neurological deficits, including balance and hearing problems, but show a normal SV pool size, suggesting that the AP-3 pathway is not essential for SV reformation in vivo, although it may be of importance in subsets of neurons (i.e., inhibitory neurons) (Nakatsu et al., 2004) and/or under conditions of sustained high level activity when bulk endocytosis is activated (Cheung and Cousin, 2012) . The role of AP-3 in SV reformation from endosomes may partially overlap with that of AP-1, another adaptor complex that operates together with clathrin in vesicular traffic to and from endosomes (Glyvuk et al., 2010) . A regulatory role for endosomes in SV reformation is supported by the observation that mutations in Rab5 impair neurotransmission at Drosophila neuromuscular junctions (Wucherpfennig et al., 2003) . Moreover, endosomal processing (i.e., via AP-3; Hua et al., 2011b) may contribute to sorting of SV proteins to distinct vesicle populations within a single synapse (Raingo et al., 2012; Ramirez et al., 2012 ).
An Integrative Hypothetical Model of SV Recycling
It appears that synapses capitalize on much of the endocytic and endosomal trafficking machineries known from other cell types to maintain presynaptic membrane homeostasis and to replenish SV pools (Wilhelm et al., 2014) . But what determines the pathway of choice at a particular synapse or following a certain stimulus? We hypothesize that at least to some degree this ''choice'' may be an inherent property of the presynaptic machinery for SV recycling and the availability of factors that are rate-limiting for membrane retrieval and SV reformation.
SV recycling fulfills at least two crucially important tasks. First, compensatory endocytosis removes fused SV membrane from the AZ to restore membrane tension and to clear release sites that need to become available for subsequent rounds of SV exocytosis (Hosoi et al., 2009) . Based on theoretical considerations, the rate of sustained neuroexocytosis may be limited by the availability of specific sites to which vesicles can dock, rather than the availability of SVs (Neher, 2010) . As exocytosis is rapid, occurring on a millisecond timescale, compensatory membrane retrieval may well be the primary task for the endocytic machinery at many types of synapses. Second, to sustain exocytosis over long periods of activity synapses need to replenish their releasable SV pool by reforming SVs from internalized membranes. This task is inherently more complex as SVs are homogenous in size and display a defined protein and lipid composition that can only be maintained by high fidelity adaptor-mediated sorting processes that serve to ''proofread'' SV composition. This task may be further complicated by the existence of functionally distinct pools of vesicles that may display compositional heterogeneity (Hua et al., 2011b; Raingo et al., 2012; Ramirez et al., 2012) . However, CME as well as endosomal pathways of vesicle budding employed to reform functional SVs operate on a timescale of tens of seconds and, thus, provide a potential kinetic bottleneck when used for compensatory membrane retrieval at synapses undergoing high rates of firing. We hypothesize, therefore, that neurons are equipped with mechanisms that allow them to plastically segregate SV membrane retrieval from SV reformation depending on their activity level (Figure 3 ). In this model, clathrin/AP-2-mediated vesicle budding serves as the major, although perhaps not the only pathway to regenerate SVs of proper size and composition (Wu et al., 2014c) . Clathrin/AP-2-coated vesicles according to this model either bud from the plasma membrane proper (i.e., local recycling via ''conventional CME'') or from plasma membrane-derived endosomelike vacuoles (Hoopmann et al., 2010; Kononenko et al., 2014; Takei et al., 1996; Watanabe et al., 2014) , internalized by clathrin-independent dynamin-mediated retrieval of previously exocytosed SV membranes. This hypothesis is consistent with observations that depletion of clathrin as well as downregulation or KO of AP-2(m) (Kim and Ryan, 2009; Kononenko et al., 2014) only moderately affect the kinetics of membrane retrieval in response to low-frequency but not high-frequency stimulation, yet, dramatically impair SV replenishment. Whether or not the clathrin/AP-2 machinery operates directly at the plasma membrane as in conventional CME in nonneuronal cells or mediates SV reformation from endosome-like vacuoles depends on the efficiency of membrane fission. In line with the important regulatory role of Ca 2+ /calcineurin (Wu et al., 2014b) and its function in dynamin 1 dephosphorylation (Armbruster et al., 2013) , we hypothesize that membrane fission is highly regulated by Ca 2+ and neuronal activity (Figure 3 ). Such a model is compatible with the existence of slow (Armbruster and Ryan, 2011; Ryan et al., 1993; Ryan and Smith, 1995; Wu and Betz, 1996) and fast modes (Armbruster et al., 2013; von Gersdorff and Matthews, 1994; Watanabe et al., 2013b) of SV membrane retrieval observed in a variety of models and can explain how specialized types of neurons, such as globular bushy cells in the auditory brain stem that synapse via the calyx of Held to MNTB principal neurons can transmit signals with rates of up to 800 Hz (Sun et al., 2002) . High-frequency firing-induced rise in presynaptic calcium levels may serve as the trigger to stimulate calcineurin-mediated dephosphorylation of dynamin and its partners, thereby facilitating fast membrane fission. Under these conditions membrane fission may occur before clathrin coats can assemble, resulting in ultrafast retrieval of SV membranes. The resulting endosome-like vacuoles are subsequently converted to SVs via CME-like budding and possibly additional pathways (i.e., via AP-3). Conversely, calcium levels may remain comparably low during sustained low-frequency stimulation, conditions under which few dynamin 1 molecules are active and fission is comparably slow, allowing clathrin/AP-2 coats to assemble prior to vesicle budding leading to SV reformation directly from the plasma membrane. Consistent with this model, EM observations, made more than 40 years ago, show that prolonged stimulation at elevated frequency (15 min at 10 Hz) at the frog neuromuscular junction triggers the formation of HRP-filled endosome-like vacuoles (Heuser and Reese, 1973) , while HRPfilled SVs predominate in the same preparation stimulated at low frequency (4 hr at 2 Hz) (Ceccarelli et al., 1973) . Thus, slow Left: high activity firing induces a steep rise in presynaptic calcium levels and triggers fast membrane retrieval via endosome-like vacuoles (ELVs) upstream of clathrin coat assembly. ELVs are subsequently converted into SVs via clathrin/ AP-2-mediated budding and possibly additional pathways (i.e., via AP-3). Right: under conditions of low-frequency activity presynaptic calcium levels remain comparably low and membrane fission is rate limiting. This allows clathrin/AP-2 coats to assemble prior to membrane fission, resulting in SV reformation directly from the plasma membrane.
and fast pathways of SV recycling may represent the extreme ends of a spectrum that are distinguished by their time constant(s) of membrane fission and their regulation by synaptic activity. Finally, this hypothetical model can explain why select SV proteins accumulate on the neuronal plasma membrane and/or are subject to degradation (Koo et al., 2011; Zhang et al., 1998) , while the kinetics of their retrieval from the plasma membrane proceeds nearly unaltered .
It seems likely that additional factors other than calcium contribute to the regulation of fast and slow modes of SV recycling: these include membrane tension, the number and concentration of SV proteins accumulating on the cell surface, and possibly their clustering into a readily retrievable pool that could form a substrate for fast membrane retrieval (Hua et al., 2011a) . Further experiments are required to support either of these possibilities.
Perspectives
Clearly, in spite of the tremendous progress made in the past decades, much is to be learned about the mechanisms of SV recycling and their modulation by synaptic activity. Progress will depend on the further development of techniques to control synaptic activity and to monitor SV recycling in real-time. These techniques include combining optogenetic stimulation with genetic manipulations and optical imaging or rapid high pressure freezing EM as well as novel approaches to tag SV membranes during their exo-endocytotic itinerary independent of associated pH changes (Revelo et al., 2014) . While the long half-life of SV proteins (days) (Cohen et al., 2013 ) is compatible with their recycling through multiple rounds of exo-endocytosis, it is likely that quality control mechanisms exist to ensure that SV proteins incorporated into reformed SVs are fully functional, whereas dysfunctional proteins are targeted for degradation. The mechanisms underlying such quality control are currently unknown, but seem to involve endosomal sorting of SV proteins via Rab35 and its GTPase-activating protein skywalker/TBC1D10 (Uytterhoeven et al., 2011) . Another remaining open question pertains to the mechanisms that ensure presynaptic membrane homeostasis. While calcium may serve critical roles in regulating the pathway of SV recycling, it is unlikely to have a direct role in controlling presynaptic membrane homeostasis. How do synapses ''know'' how many SVs have undergone exocytosis? One option is that SV proteins such as synaptotagmin 1, whose plasma membrane levels might increase upon exocytosis, serve as coupling devices that trigger endocytic membrane retrieval (Poskanzer et al., 2006; Yao et al., 2012) , i.e., by recruiting endocytic factors or by modulating phospholipid content. Alternatively, synapses could be equipped with tension sensors that trigger membrane retrieval as soon as membrane tension drops below a threshold following calcium-triggered neuroexocytosis.
The molecular mechanisms of endocytosis and SV regeneration are remarkably complex. Not surprisingly, the machinery for SV recycling is implicated in brain dysfunction and disease. For example, the PI(4,5)P 2 -phosphatase synaptojanin 1, is overexpressed in Down syndrome resulting in phosphoinositide dyshomeostasis and cognitive disabilities, while reduced synaptojanin 1 levels ameliorate synaptic and behavioral impairments caused by Ab-mediated disruption of PI(4,5)P 2 metabolism in Alzheimer's disease models (McIntire et al., 2012) . Moreover, genome-wide association studies have identified single nucleotide polymorphisms (SNPs) in the genes encoding for the AP180 paralog CALM, dynamin 2, and amphiphysin 1 in familial and sporadic cases of Alzheimer's disease (Aidaralieva et al., 2008; Harold et al., 2009; Seshadri et al., 2010) . Finally, GIT1 (termed dGIT in Drosophila), an AZ-associated scaffold with GTPase activating protein activity toward Arf6, associates with stonin 2/stoned B and regulates SV recycling (Podufall et al., 2014) . Human mutations in GIT1, which is also found postsynaptically, are associated with attention deficit hyperactivity disorder (ADHD) and cause ADHD-like phenotypes in GIT1 mutant mice (Won et al., 2011) . How precisely mutations in the machinery for SV recycling lead to these diseases also remains an important area for future studies.
